Cervical spondylosis is a common degenerative condition that is a significant cause of morbidity. This review discusses the pathophysiology and natural history of cervical spondylotic myelopathy and focuses on the current literature evaluating the clinical management of these patients.
C ervical spondylosis (CS) is a degenerative condition that is the most common nontraumatic cause of myelopathy in the cervical spine. [1] [2] [3] [4] This review will briefly discuss the pathophysiology and natural history of cervical spondylotic myelopathy (CSM) and focus on this literature evaluating the clinical management of patients with CSM.
PATHOPHYSIOLOGY
Multiple factors play a critical role in the development of CS and subsequent CSM. The cascade of spondylotic changes is likely to begin first with cervical disc degeneration. With aging, desiccation and fragmentation of the disc leads to disc collapse. Such changes are believed to cause mechanical stress on the endplates, which initiates osteophyte formation along the endplates. 5 These osteophytes serve to increase the loadbearing surface of the endplates to compensate for spine hypermobility secondary to the loss of disc material. 6 Compensatory bone growth in the form of uncinate process hypertrophy may also occur. Ossification of the posterior longitudinal ligament (OPLL), most commonly seen in the Asian population, can also lead to CSM. Risk factors for CS include smoking, 7 occupational trauma, 8 and Down syndrome. 9 Some patients may have a genetic predisposition to CS, although specific genes have not been identified. 10 CSM is a result of static and dynamic mechanical factors that cause repeated injury to the spinal cord. 1 Static mechanical factors refer to pathology that contributes to narrowing of the spinal canal. For example, osteophyte formation decreases the diameter of the spinal canal and may compress the spinal cord directly. Hypertrophy of the ligamentum flavum, OPLL and subluxation or kyphosis of the cervical spine may also serve to narrow the spinal canal. The impact of these factors is exacerbated in patients with congenital cervical stenosis. 11 Dynamic mechanical factors refer to the motion of the cervical spine during flexion or extension that contribute to spinal cord injury that may already be in progress secondary to the aforementioned static mechanical factors. Flexion of the cervical spine leads to compression of the spinal cord against osteophytic bars. Extension of the cervical spine leads to compression of the spinal cord against the buckled, hypertrophied ligamentum flavum. The combination of static and dynamic mechanical factors likely causes CSM as a result of both direct trauma and spinal cord ischemia. It is believed that impaired blood flow through the spinal cord microcirculation plays a role in CSM. 12 
NATURAL HISTORY OF CSM
Despite significant scholarly interest in CSM, the natural history of untreated CSM is not entirely clear. The classic study by Lees and Turner 13 suggested that most patients experience an initial stage of deterioration. This was usually followed by clinical stability for several years, particularly for patients whose initial deterioration resulted in only mild symptoms. 13 Nurick 14 later confirmed this pattern of clinical outcomes. However, both studies noted that patients who were older or had significant progressive disability fared much worse than other patients. Other studies illustrate that CSM may progress at a variable rate and unpredictable time course. [15] [16] [17] Furthermore, patients with stable clinical symptoms may later experience further decline. 17, 18 It is argued that patients with CSM do not fare well with medical management, and patients who demonstrate minor myelopathic symptoms should be referred for surgery. 19 Studies suggest that early surgical intervention for CSM can lead to improved neurologic outcomes. [19] [20] [21] However, there is only one prospective randomized trial studying surgical versus nonsurgical management of cervical myelopathy. 22 Bednarik and colleagues 22 randomized 49 patients with CSM into surgical and nonsurgical management. Although patients with conservative treatment experienced improved clinical outcomes with respect to gait and modified Japanese Orthopaedic Association scores, there was no significant difference in outcomes at 2 years. Interestingly, this study excluded patients with severe CSM. As such, the results of this study may not be applicable to patients with advanced CSM.
SURGICAL MANAGEMENT OF CSM
The surgical management of CSM has evolved from the classic anterior cervical discectomy and fusion procedure developed by Smith, Robinson, and Cloward 23, 24 to now include combined anterior/posterior decompression and fusion procedures as well as a myriad of laminotomy techniques. It is critical to individualize a surgical plan for each patient based on the static mechanical factors that are contributing to a particular patient's CSM. Surgical techniques can be broadly divided into anterior surgery, posterior surgery, or combined anterior and posterior surgical techniques. The primary goal of all of these surgical techniques is to relieve compression of the spinal cord and its associated microcirculation. Other critical factors that must be considered are to maintain or restore alignment of the cervical spine and to ensure its long-term mechanical stability. Surgeons must be keenly aware of the advantages, disadvantages, and limitations of each approach.
Anterior Surgical Techniques for CSM
Anterior surgical techniques for CSM are generally favored in situations where static mechanical pathology is primarily at the anterior aspect of the cervical canal. Anterior compression of the spinal cord secondary to disc/osteophyte complexes or ossified posterior longitudinal ligament are typical examples. Cord compression that is exacerbated by cervical kyphosis can also be addressed using anterior procedures that more readily restore normal cervical lordosis. Preoperative cervical traction using a halo device may be helpful in improving, if not restoring, normal cervical alignment before definitive surgical stabilization. 25 Anterior cervical decompression and fusion (ACDF) of 1 to 3 levels has been reported in multiple case series to be safe and effective in decompressing ventral pathology. [26] [27] [28] [29] [30] However, applying this procedure to greater than 3 levels can often result in complications, including graft extrusion, subsidence, fracture, and pseudoarthrosis. 26, 27, [30] [31] [32] ACDF is effective for ventral pathology that is confined to the cervical interspaces (ie, osteophyte/disc complexes). Resection of the osteophyte/disc complex and placement of an interspace graft not only removes the offending ventral pathology but can also be used to restore lordosis to a straight or kyphotic spine.
Anterior cervical corpectomy is useful to address ventral pathology that extends beyond the cervical spine interspaces. Large osteophyte/disc complexes may extend posterior to the vertebral body. Such complexes may not be easily resected through a traditional ACDF approach. Compression from OPLL can also be addressed through a cervical corpectomy. Furthermore, irreducible kyphotic deformities (ie, swan neck deformities) that exacerbate CSM are often best-addressed using cervical corpectomy.
Single-level corpectomy is generally considered safe and associated with successful outcomes for CSM. 25, 28, 29 However, increasing the number of vertebral bodies resected during a corpectomy is associated with a significant increase in pseudoarthrosis rates. 26, 28, [33] [34] [35] Vaccaro and colleagues 28 studied the effect of the number of vertebral bodies resected on the rate of nonunion. Early instrumentation failure occurred in 9% of patients with 2level corpectomies with bone graft and ventral instrumentation. The failure rate increased to 50% in patients undergoing a 3-level corpectomy. 28 Similarly, Sasso and colleagues 34 reported a failure rate of 6% and 71% in patients with plated 2-level and 3-level corpectomies with iliac crest autograft, respectively. Daubs 35 reported a much higher rate of failure in his series, with a 67% failure rate for patients undergoing 2-level corpectomies that increased to 100% for 3-level corpectomies with titanium cage reconstruction and anterior plate placement.
In summary, anterior cervical techniques are useful to address ventral pathology contributing to CSM. However, the literature clearly illustrates that increasing the number of levels included in ACDF or corpectomy procedures increases the risk of graft failure and other surgical complications. When using multilevel ACDF or corpectomy procedures, surgeons should consider posterior instrumented supplementation to help limit these complications.
Posterior Surgical Techniques for CSM
Posterior surgical approaches to address CSM typically involve laminectomy with or without fusion or laminoplasty. These procedures allow for direct decompression of the cervical spine when the causative pathology is located at the posterior aspect of the spinal canal (ie, hypertrophied ligamentum flavum). Posterior approaches also allow indirect decompression of the spinal cord from anterior pathology by enlarging the spinal canal and allowing the cord to migrate away from the offending pathology. Posterior approaches offer several advantages compared with anterior cervical approaches for CSM. For example, such procedures may not require fusion of vertebral levels, thus avoiding the cost and potential complications of instrumented fusion and limiting adjacent level spondylotic degeneration. In contrast to anterior approaches to the cervical spine, posterior approaches avoid exposure and injury to critical neck structures including the esophagus, recurrent laryngeal nerve, and carotid artery. Furthermore, direct visualization and decompression of nerve roots is possible using posterior approaches. Finally, posterior decompression procedures are particularly appealing in patients with congenitally narrow canals. The primary disadvantages of posterior approaches include the possibility of developing postlaminectomy kyphosis or instability. Furthermore, these approaches do not typically allow for primary resection of ventral canal pathology such as disc/osteophyte complexes, particularly in association with preexisting kyphotic deformity.
Patient selection is critical to ensure success and limit complications from posterior decompression procedures. Sagittal balance is a critical component in choosing the correct patient. Patients with cervical lordosis are ideal candidates for posterior decompression procedures, as the lordotic spine will allow the spinal cord to migrate posteriorly and away from ventral pathology. In patients with straightening of the cervical spine, the spinal cord may not be able to migrate posteriorly unless an instrumented fusion procedure is used to stabilize the spine after realignment in a lordotic manner is achieved. Patients with cervical kyphosis are generally poor candidates for posterior decompression procedures, as the spinal cord is draped anteriorly over the vertebral bodies and will not migrate posteriorly. However, in some patients with reducible kyphotic deformities, adequate lordosis can occasionally be obtained using preoperative halo traction or intraoperative reduction maneuvers. These patients would require an instrumented fusion procedure after laminectomy to stabilize the spine in a lordotic position.
Laminectomy
Laminectomy has traditionally been the gold standard for posterior approaches for CSM ( Fig. 1) . This technique has been well described in the literature and is considered a safe surgical procedure. However, the biggest complication after laminectomy is postlaminectomy instability/kyphosis. Patients in whom aggressive facet resection is undertaken, 36 multiple lamina are resected, and where there is preexisting instability are at increased risk of developing postlaminectomy kyphosis. Studies suggest that the risk of postlaminectomy kyphosis in adult patients is between 6% and 52%. [37] [38] [39] [40] [41] [42] [43] Resection of the C2 and/or C7 lamina or spinous processes may increase this risk. 37, 39, 44 Patients at risk for developing postlaminectomy kyphosis may benefit from instrumented stabilization at the time of initial laminectomy. Instrumented fusion serves to both stabilize the cervical spine as well as secure the spine in an optimal lordotic configuration. There are multiple instrumentation techniques that have been well described in the literature. The goal of instrumentation is to provide temporary structural stabilization to allow solid bone formation. Traditional techniques such as interfacet wiring have been replaced by modern lateral mass and pedicle screw fixation systems. These modern fixation systems depend on screws to anchor rods or plates along the lateral masses. In experienced hands, the placement of these screws is quite safe with very low risk of intraoperative iatrogenic injury.
Although there are several techniques for the placement of lateral mass screws, the most common techniques are the Magerl technique and the Roy-Camille technique. We favor the Magerl technique because it allows us to better avoid neurovascular structures. 45 It also allows for longer facet screws to be placed, thereby allowing for greater load bearing before failure. 45 However, a cadaveric study found no statistical difference in pullout strength between the 2 techniques. 46 For fixation of C2, we prefer pedicle screws when the laminectomy includes this level. When the C2 lamina is intact, translaminar screws are preferred to avoid the risk of vertebral artery injury. When the construct stops at C7, pedicle screws are preferred at this level, as the C7 lateral masses are typically too small to support a lateral mass screw. With long constructs, we often extend the instrumentation across the mobile cervicothoracic junction to include T1 and T2 pedicle screws.
There are several complications inherent with instrumented fusion that should be considered, including the risk of neural injury, hardware failure, adjacent segment degeneration, and risk of vertebral artery injury. In a series of patients with posterior lateral mass instrumentation, Heller and colleagues 47 found that the risk of nerve root injury was less than 1% per screw placed. No patients experienced injury to the vertebral artery or spinal cord. Their series reported a 3.8% incidence of symptomatic adjacent segment degeneration.
Laminoplasty
Although laminectomy is widely regarded as the primary option to address CSM from a posterior approach, many surgeons use laminoplasty as a principle option. It has been well described in the Japanese literature for the treatment of OPLL, where anterior surgical procedures carry a high risk of complications including CSF leak. There are a variety of laminoplasty techniques described in the literature. Many of these techniques are derivations of the ''open-door'' laminoplasty technique. The ''hinge'' is created by drilling the outer cortex of the lamina unilaterally, thus preserving the inner cortex. On the contralateral side, the lamina and underlying ligamentum flavum is removed completely, thus creating the ''open-door'' side. The remaining lamina and spinous process is then swung toward the contralateral intact ''hinge,'' thus enlargening the spinal canal. Autograft, allograft illiac crest, or bone spacers are then wedged between the lateral mass and remaining lamina of the ''open-door'' side and stabilized using titanium miniplates.
It has been argued that laminoplasty offers several advantages over traditional laminectomy. By preserving the posterior elements (lamina, spinous processes), it has been suggested that laminoplasty may decrease the incidence of postlaminectomy kyphotic deformity compared with laminectomy alone. 48 Compared with laminectomy with instrumented fusion, laminoplasty may have a decreased incidence of adjacent level spondylosis by preserving cervical range of motion. 49 However, the efficacy of laminoplasty over traditional laminectomy is unclear at present. A 2003 meta-analysis by Ratliff and Cooper 50 suggests that there is no conclusive evidence that laminoplasty is superior to laminectomy. Their review of 71 series comprising more than 2000 patients showed that the mean neurologic recovery rate was 55%. Interestingly, although the preservation of cervical range of motion is one hypothetical advantage of laminoplasty, the mean decrease in cervical range of motion was found to be 50%. The incidence of postoperative axial neck pain was found to be between 6% and 60%.
Combined Anterior and Posterior Surgery for CSM
Combined anterior and posterior approaches to the cervical spine may benefit certain patients with CSM ( Fig. 2) . Some patients may have both anterior and posterior spinal canal pathology that cause compression of the spinal cord. For example, patients with compressive disc/osteophyte complexes in combination with hypertrophied ligamentum flavum may sometimes require both anterior and posterior surgery. Other patients who require anterior surgery may be at particular risk for graft failure and may benefit from posterior stabilization procedures. For example, patients who undergo multilevel discectomy/corpectomy to address ventral pathology are at increased risk of graft failure and/or pseudoarthrosis. 34 Patients with osteoporosis, medical renal disease, or smokers are also susceptible to pseudoarthrosis secondary to poor bone healing. The addition of posterior supplementation minimizes the risk of pseudoarthrosis in these high-risk patients. [51] [52] [53] Supplemental posterior fixation has been shown to effectively add to the stability of the cervical spine in flexion and extension in biomechanical studies, thus translating into higher fusion rates. 34, [53] [54] [55] Patients who undergo revision surgery for CSM secondary to pseudoarthrosis, instability, hardware failure, or recurrent stenosis are particularly at risk for pseudoarthrosis or graft failure after revision surgery and may benefit from combined anterior-posterior surgery. In Gok and colleagues 32 series of patients undergoing revision surgery for CSM, 11 patients underwent anteriorposterior revision surgery. Eight of 11 patients had improved neurologic function, and only 1 patient required revision surgery for pseudoarthrosis.
The disadvantages of adding posterior fusion to an anterior fusion is, of course, the cost and risk inherent to the second procedure. Although the addition of posterior fusion has been shown to contribute to longer hospital stays, this may be partially offset by performing the posterior fusion as part of a single-anesthesia procedure. Performing circumferential fusion in a single sitting may lead to decreased anesthesia time, decreased blood loss, and shorter duration of hospitalization. 56 However, patients with significant comorbidities may benefit from a 2-stage procedure to allow for patient recovery and to avoid a prolonged single-stage surgery.
It is not unexpected that patients who undergo combined anterior-posterior surgery have an increased risk of complications. In a review of 67 patients with CSM secondary to anterior compression, patients undergoing combined anterior-posterior surgery had a higher risk of complications compared with patients undergoing anterior surgery alone (28.6% vs. 24%). 32 Interestingly, patients who underwent anterior surgery alone had a higher rate of adjacent-segment disease that led to revision surgery.
CONCLUSIONS
CSM is a common disease that leads to significant clinical morbidity. Surgical intervention has been to shown to be an effective treatment option for many patients with CSM. As it is currently difficult to accurately predict the clinical course of an individual patient with CSM, we believe that early surgical intervention for patients with even minor clinical signs of myelopathy is warranted to avoid more pronounced clinical manifestations of CSM. 
